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Indeed, voluntary wheel running is commonly used to enhance hippocampal plasticity, but with this type of exercise, only the running distance can be evaluated. Previous studies have shown that hippocampal brain-derived neurotrophic factor (BDNF) levels are positively correlated with wheel running distance (22, 32) . In contrast, other studies reveal no such correlations between running distance and BDNF expression (17, 37) . It has been suggested that these differences are probably related to exercise-induced stress levels. Physical exercise is known to activate the hypothalamus-pituitary-adrenal (HPA) axis depending on intensity, duration, and wheel running distance (12, 14, 33, 39) . Also, severe stress suppresses hippocampal BDNF expression (40, 42) . Thus it is necessary to find a more suitable determinant for exerciseenhanced hippocampal plasticity than running distance.
Voluntary resistance wheel running (RWR) allows for a given load on a running wheel and increases work levels, which results in muscular adaptation in fast-twitch muscle without using physical and psychological stressors such as electrical shock and additional weight (3, 21, 26) . Therefore, RWR is a suitable model that integrates the effects of exercise on both muscular and hippocampal adaptations through increased neuronal activation. However, whether voluntary wheel running with additional resistance has potential effects on hippocampal-dependent cognitive functions with synaptic plasticity-related molecules has never been tested.
The mechanisms that underlie exercise-enhanced cognitive functions are regulated by several types of molecular signaling, such as BDNF (47) and insulin-like growth factor 1 (IGF-1) (5). Particularly, BDNF is a key protein supporting the growth, development, and survival of neurons (25, 35) , and it also plays an important role in mediating cognitive functions (47) and synaptic plasticity (36) . Physical exercise increases BDNF mRNA and protein (32, 43) , and BDNF engages its highaffinity receptor tyrosine-related kinase B (TrkB) (1) to activate its signaling-related molecules such as protein kinase A (PKA) (8) , protein kinase C (PKC) (30) , mitogen-activated protein kinase (MAPK) (48) , and transcriptional regulator cAMP response element-binding protein (CREB) (16) . In addition, activation of BDNF signaling may mediate the postsynaptic N-methyl-D-asparate receptor (NMDA-R) (44) . This evidence suggests that exercise may mediate the potentiation of synaptic transmission and synaptic plasticity by employing BDNF signaling. Particularly, alteration in BDNF signaling is apparently necessary for the effects of exercise on hippocampal plasticity in rodents, since blocking BDNF signaling inhibits exercise-enhanced learning and memory (47, 48) , whereas blocking IGF-1 signaling does not (11) . These findings lead us to postulate that BDNF signaling, rather than other molecules, may play a role as a significant regulator in exercise-enhanced cognitive function.
In the present study, we investigated whether RWR has potential effects on hippocampal cognitive functions similar to those of WR and associated such effects with the possible mechanisms underlying hippocampal BDNF signaling.
MATERIALS AND METHODS
Animals. Ten-week-old male Wistar rats (320 -340 g; SEAS, Saitama, Japan) were randomly allocated to three groups: 1) housed in standard cages and used as nonactive controls (Sed), 2) wheel running with no resistance (WR), and 3) housed in cages with resistance running wheels with an adjustable resistance (RWR). The rats of each group were designated for analysis of exercise performance, muscle adaptations, and gene expression of mRNA levels (n ϭ 7 rats/group) or for a behavioral test of cognitive function and analysis of protein levels (n ϭ 7-10 rats/group). All rats were individually housed, kept in a controlled environment with a 12-h light-dark cycle (lights on at 8:00 AM), and given ad libitum access to food and water. All the experiments were performed in accordance with protocols approved by the University of Tsukuba Animal Experiment Committee based on the NIH Guidelines for the Care and Use of Laboratory Animals (NIH publication, 1996) .
Running-wheel and loading protocol. Sedentary rats were housed individually in standard polyethylene cages without access to a running wheel. The rats of both running wheel groups (WR and RWR) were housed individually and had free access to a specially designed running wheel apparatus (diameter ϭ 31.8 cm, width ϭ 10 cm; Rat Analyzer KI-103, Aptec, Kyoto, Japan). The resistance attached to the wheel could be changed arbitrarily with a range of 0 -200 g. The resistance necessary to overcome the inertia of the wheel at its minimum load was 4.5 g. This RWR apparatus and its setup for resistance running were similar to those previously described (21) . In the present study, the rats were allowed to run voluntarily in the wheel 24 h/day. The rats in the RWR group were exercised with minimum resistance (i.e., 4.5 g) for the first week, and then the resistance was progressively increased to reach 30% of their body weight during the 4 wk of exercise. A resistance of 30% of body weight in wheel running is sufficient to produce muscular adaptation similar to that of other exercises performed at 60% of body weight (23) . Daily work levels (J) as total energy expenditure during exercise were calculated and expressed relative to body weight and day as follows: work ϭ force (N) ϫ distance (m)/body wt (kg)/day, where force is the resistance of the wheel, and distance is the number of revolutions times the circumference of the wheel.
Morris water maze task. To evaluate the effects of resistance wheel exercise on spatial learning and memory, rats were tested on the Morris water maze (MWM) (31) . The circular swimming pool (150-cm diameter, 45-cm height) was filled with water to a depth of 22.5 cm and divided into four equal quadrants. A hidden escape platform (12-cm diameter, 21-cm height) was fixed in a permanent position 1.5 cm below the surface of the water. The water was kept at a steady 25 Ϯ 1°C and was made opaque with nontoxic white poster color to prevent the rats from seeing the platform. Spatial cues of different patterns and sizes were affixed to each of the testing room walls to provide sufficient spatial information for the animals to learn the location of the escape platform.
The animals were acclimatized to the experimental room for at least 1 h before the experimental procedures, which were carried out between 1300 and 1600 to avoid circadian variations and stress interference, began. Each rat was given four trials per day for 4 consecutive days. At the start of a trial, the rats were placed into the tank facing the wall from one of four equally spaced start locations, and each release point was randomly altered every trial. Each trial lasted until the rat found the platform or for a maximum duration of 60 s. If a rat did not find the platform within 60 s, it was gently guided to the platform. At the end of each trial, animals were allowed to rest on the platform for 10 s. Escape latency (s) and path length (cm) for each trial were recorded. For the spatial probe test, which was performed 1 day after the last acquisition trial, the platform was removed, and the rats were allowed to swim for 60 s. The percentage of time spent in each quadrant was recorded by a video tracking system (SMART, Polyvalent video-tracking system, Panlab, Barcelona, Spain).
Isolation of RNA and quantitative real-time RT-PCR. Between 0800 and 1200 on the day after the final day of exercise, the animals were immediately decapitated using a guillotine, and their hippocampi were rapidly dissected, snap frozen in liquid nitrogen, and stored at Ϫ80°C before use. Total RNA was extracted by the method described previously (7), and RNA concentration was determined by spectrophotometry at 260 nm. The cDNA synthesis was carried out using murine leukemia virus reverse transcriptase (Applied Biosystems, Foster City, CA) and random hexamer primer sets (Takara Shuzo, Shiga, Japan) following the manufacturer's protocol. Gene expression levels of BDNF signaling-related molecules were determined by quantitative real-time PCR (PE-ABI Prism 7300, Applied Biosystems) using a fast-start universal SYBR green master mix (Roche Applied Science, Mannheim, Germany) following the protocol provided by the manufacturer. Primer 3 software (38) was used to design reaction primers, and the sequences were as follows: BDNF forward, 5=-gcggcagataaaaagactgc-3=; BDNF reverse, 5=-gccagccaattctctttttg-3= (NCBI accession no. NM-012513); CREB forward, 5=-tcagccgggtactaccattc-3=; CREB reverse, 5=-cctctctctttcgtgctgct-3= (NCBI accession no. X14788.1); TrkB forward, 5=-gacctgatcctgacgggtaa-3=; TrkB reverse, 5=-tggtcacagacttcccttcc-3= (NCBI accession no. NM-001163169); NMDA-R forward, 5=-tcattgtcctcagctgttgc-3=; NMDA-R reverse, 5=-tgcacgaggtgaagtcgtag-3= (NCBI accession no. S61973.1); PKA forward, 5=-ttcttcgctgaccagcctat-3=; PKA reverse, 5=-tgaccccgttcttgagattc-3= (NCBI accession no. NM-001100922); PKC forward, 5=-tccctgatcccaaaagtgag-3=; PKC reverse, 5=-aacttgaaccagccatccac-3= (NCBI accession no. NM-012713); MAPK forward, 5=-cctacggcatggtttgttct-3=; MAPK reverse, 5=-tgccgatgatgttctcatgt -3= (NCBI accession no. NM-053842); ␤-actin forward, 5=-aaccctaaggccaaccgtga-3=; ␤-actin reverse, 5=-cagggacaacacagcctgga-3= (NCBI accession no. NM-031144). In brief, after 10 min of incubation at 95°C, the PCR reaction was carried out for 40 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. As a validated endogenous control, ␤-actin was amplified in a separate reaction for normalization. Each sample was processed in duplicate, and melting curve analysis was performed on all samples.
Western blot analysis. The hippocampi were homogenized in RIPA buffer [50 mM Tris·HCl buffer (pH 7.6); 150 mM NaCl; 0.5% sodium deoxy cholate; 1% Nonidet P40; 0.1% SDS; and protease inhibitors cocktails]. Homogenates were centrifuged to remove insoluble material (10,000 g for 10 min at 4°C), and total protein concentration was determined as per the BCA procedure (Pierce, Rockford, IL). The proteins (20 g) were heated to 70°C for 10 min in the presence of dithiothreitol, rapidly cooled on ice for 1 min, and then separated by electrophoresis on a 12.5% polyacrylamide gel for 110 min. The gel was then transferred to a PVDF membrane (Immuno-Blot, Amersham Pharmacia Biotech, Piscataway, NJ) for 1 h at a constant voltage of 15 V. The membranes were blocked with 5% nonfat skim milk for 1 h and then separately incubated overnight at room temperature with one of the following primary antibodies: anti-BDNF (sc-546) 1:1,000 (Santa Cruz Biotechnology, Santa Cruz, CA); anti-CREB (sc-186) and anti-p-CREB (sc-7978) 1:250 (Santa Cruz Biotechnology). The membranes were then washed with washing buffer, after which they were incubated with secondary antibodies, horseradish peroxidase (HRP)-conjugated goat anti-rabbit for BDNF and CREB (dilution: 1:5,000). HRP-conjugated cat anti-goat was used for p-CREB (dilution: 1:5,000). HRP-conjugated goat anti-mouse was used for ␤-actin (dilution: 1:10,000). Immunocomplexes were made visible using chemiluminescence with the ECL kit (Nakalai Tesque, Kyoto, Japan) following the manufacturer's instructions. The signals were digitally scanned and then quantified using image analysis software (GE Healthcare, Bio-Science). The band intensity of the protein of interest was normalized to the band intensity of ␤-actin and total CREB, respectively.
Measurement of skeletal muscle aerobic capacity. An increase in citrate synthase (CS) activity, which reflects an improved aerobic metabolism in mitochondria of skeletal muscle, is commonly used to confirm exercise-training effects. Therefore, the CS activity in the plantaris and soleus muscles was measured using a method described previously (41) . The CS activity in muscles was determined in duplicate using the CS Assay Kit (Sigma, St. Louis, MS) following the manufacturer's instructions.
Radioimmunoassay. The plasma corticosterone levels were determined by the RIA method (28) by using [ 3 H]corticosterone as a tracer. In brief, plasma was separated from trunk blood by centrifugation at 3,000 rpm for 10 min. Plasma samples were then stored at Ϫ80°C before analysis. Samples and corticosterone standards were thawed at room temperature and added to antibody-coated tubes in triplicate. Then, 1.0 ml of [ 3 H]-labeled corticosterone was added and mixed in each tube before incubating for 2 h at room temperature. Samples were then decanted and counted using a gamma counter.
Statistical analysis. The average running distance and work levels for each of the experimental days were analyzed with repeatedmeasures, two-way ANOVA, followed by Bonferroni's multiple comparison tests for post hoc analysis. Water maze test escape latency and path-length data were analyzed with a repeated-measures, two-way ANOVA, followed by Bonferroni's multiple comparison tests for post hoc analysis, whereas muscle mass, CS activity, stress-related factors, water maze probe test, real-time RT-PCR, and Western blot data were analyzed with a one-way ANOVA followed by Tukey's multiple comparison tests for post hoc analysis. Relationships between spatial memory performance and work levels, running distance, BDNF protein, and p-CREB protein were examined using Pearson's correlation analysis. Statistical significant difference was evaluated at P Ͻ 0.05.
RESULTS
Effects of RWR on exercise performance and muscular adaptation. Average running distance of the RWR group (1,024 m/day) decreased to ϳ55% of that of the WR group (1,846 m/day) (P Ͻ 0.05; Fig. 1, A and B) , whereas average work levels significantly increased by ϳ8.5-fold in the RWR group (1,805 N·m·kg body wt Ϫ1 ·day Ϫ1 ) compared with the WR group (210.8 N·m·kg body wt Ϫ1 ·day Ϫ1 ) (P Ͻ 0.0001; Fig.  1, C and D) . Hindlimb skeletal muscle mass and CS activity were analyzed to determine the effect of RWR on muscular adaptation. Relative plantaris muscle wet mass had increased in both the WR and RWR groups compared with the Sed group [F(2,18) ϭ 11.98, P Ͻ 0.001; Table 1 ]. The soleus muscle CS activity significantly increased in WR and RWR groups compared with the Sed group [F(2,18) ϭ 5.668, P Ͻ 0.05; Table  1 ], whereas the plantaris muscle CS activity significantly Fig. 1 . Effects of resistance wheel running (RWR) on exercise performance. A: average daily running distance is shown for rats in wheel running without a load (WR) and RWR groups. B: the average running distance of the RWR group significantly decreased compared with the WR group. C: average daily work levels are shown for rats in WR and RWR groups. D: the average work levels significantly increased by ϳ8.5-fold in the RWR group compared with the WR group. All data are presented as means Ϯ SE (n ϭ 7 rats/group). Significant difference compared with WR group after repeated-measures, two-way ANOVA, Bonferroni's multiple comparison tests, or Student's t-test: *P Ͻ 0.05; ***P Ͻ 0.0001. Data are means Ϯ SE (n ϭ 7 rats/group). BW, body weight; CS, citrate synthase; Wt, weight; Sed, sedentary; WR, wheel running with no resistance; RWR, resistance wheel running. Significant difference compared with sedentary after an ANOVA with Tukey's multiple comparison tests: *P Ͻ 0.05; **P Ͻ 0.01. increased only in the RWR group [F(2,18) ϭ 4.613, P Ͻ 0.05; Table 1 ].
Effects of RWR on stress-related factors. Exercise affects stress levels, which in turn could influence spatial learning, memory, and BDNF signaling. Therefore, after completion of exercise training, stress-related factors were measured. Our results revealed no significant change in the relative weights of adrenals [F(2,18) ϭ 0.118, P ϭ 0.88], thymus [F(2,18) ϭ 0.717, P ϭ 0.50], and plasma corticosterone levels [F(2,18) ϭ 1.344, P ϭ 0.28] among the three groups ( Table 1) .
Effects of RWR on spatial learning and memory. To access spatial learning and memory, animals were tested in the Morris water maze. Repeated measures with ANOVA showed significant group [F(2,101) ϭ 10.5, P Ͻ 0.0001] and day [F(3,303) ϭ 54.4, P Ͻ 0.0001] effects on escape latency (Fig. 2A) . The post hoc analysis indicated that WR (day 3, P Ͻ 0.05) and RWR (day 4, P Ͻ 0.05) groups had faster escape latency values compared with the Sed group. The path length data analysis also revealed significance for group [F(2,101) ϭ 12.44, P Ͻ 0.0001] and day [F(3,303) ϭ 45.21, P Ͻ 0.0001] effects (Fig.  2B) . The post hoc analysis indicated that the WR group had shorter path length values compared with the Sed group at day 3 (P Ͻ 0.01). To test memory retention for the task, the platform was removed for a 60-s probe test 1 day after the last trial on day 4. The RWR group spent more time in the platform quadrant than the Sed group [F(2,23) ϭ 5.429, P Ͻ 0.05; Relationship between spatial memory and BDNF, p-CREB, and exercise parameters. We found that the percentage of time spent in the platform quadrant during the probe test was positively correlated to work levels (Pearson's correlation, r ϭ 0.77, P Ͻ 0.01; Fig. 5A ), BDNF protein (r ϭ 0.41, P Ͻ 0.05; Fig. 5C ), and p-CREB protein (r ϭ 0.44, P Ͻ 0.05; Fig. 5D ). However, there is no significant correlation between the percentage of time spent in platform quadrant and average running distance (r ϭ 0.01, P ϭ 0.94; Fig. 5B ).
DISCUSSION
To our knowledge, this is the first study to test the hypothesis that voluntary resistance wheel running (RWR) has potential effects on hippocampal cognitive functions and is associated with the possible mechanisms underlying hippocampal BDNF signaling. Here, we found that RWR increased work levels with load but decreased running distance by about half, which elicited muscular adaptation for fast-twitch plantaris muscles without causing any negative stress effects. Both RWR and WR led to improve spatial learning and memory as well as increased gene expressions of hippocampal BDNF signaling-related molecules. In addition, in both exercise groups, there were positive correlations between spatial memory and BDNF protein (r ϭ 0.41), p-CREB protein (r ϭ 0.44), and work levels (r ϭ 0.77). These findings support the hypothesis that voluntary resistance wheel running, even with short distances, is beneficial for promoting hippocampal plasticity associated with BDNF signaling and present a new concept that work levels rather than running distance are more determinant for inducing exercise-enhancing cognitive function with hippocampal plastic changes in voluntary running with and without a load.
As expected, the performance of 4 wk of RWR elicited distinct activity patterns that were affected by applying a load equal to 30% of body mass. Compared with the WR group, the average daily running distance significantly decreased with resistance in the RWR group (Fig. 1, A and B) ; however, the average work levels of the RWR group were 8.5 times higher than those of the WR group (Fig. 1, C and D) . This is consistent with previous studies with the same and similar loading systems (3, 21, 24) , suggesting that there are fast-type-specific muscular adaptations. Indeed, we confirmed that the plantaris citrate synthase (CS) activity, a functional indication of muscular hyperactivity, was increased only in the RWR group, although the relative plantaris muscle wet mass was increased in both running groups (Table 1 ). This supports the previous studies in demonstrating that WR has more pronounced effects on the slow-twitch soleus muscle (26) . Thus it may be that RWR is a distinct exercise model that has a relatively higher recruitment of fast-twitch rather than slow-twitch muscles with loaded running (20, 21, 26) , which is clearly different from the traditional voluntary wheel of distance precedency.
However, intense exercise regimens have often been shown to induce stress adaptation, which dampens hippocampal BDNF expression (40, 42) ; physical exercise activates the hypothalamus-pituitary-adrenal (HPA) axis depending on intensity, duration (14, 33, 39) , and wheel-running distance (12) . Our results show that the RWR group, having a load of 30% of body weight, showed no changes in plasma corticosterone levels. This together with the adrenals and thymus weight Fig. 4 . Effects of RWR on the protein levels of BDNF, TrkB, and p-CREB. A: both WR and RWR increased BDNF protein levels. However, TrkB (B) and p-CREB (C) protein were only increased in the RWR group. D: representative Western blot gels for group data shown in A, B, and C. Band intensity of each protein was normalized for common ␤-actin levels. Results are expressed as percentages of sedentary control levels and all data are presented as means Ϯ SE (n ϭ 7-10 rats/group). *Significant difference compared with sedentary after an ANOVA with Tukey's multiple comparison tests (P Ͻ 0.05). indicate that 4 wk of RWR does not produce any negative stress effect (Table 1) , which indicates that it is a suitable exercise model for inducing hippocampal plasticity.
Indeed, we found that both WR and RWR groups presented faster escape latency and shorter path length values in the water maze task, demonstrating improved spatial learning performance compared with the Sed group (Fig. 2, A and B) , and the RWR group spent significantly more time in the escapeplatform quadrant compared with the Sed group (Fig. 2C) . Although it is unclear why this WR group showed no robust effects with short-term memory (by probe test), RWR produced better performance in the spatial learning and memory of rodents after voluntary physical activity as with previous studies (11, 29, 45) with long distances. In addition, the gene expression of BDNF signaling-related molecules increased in both WR and RWR groups (Fig. 3, A-C) . The mechanisms that underlie exercise-enhanced cognitive functions are controlled by several types of molecular signaling. Particularly, BDNF signaling plays an important role in hippocampal plasticity as a key molecule mediating cellular functions including cell growth, proliferation differentiation, motility, survival, as well as cognitive functions (9, 19, 27, 47) ; BDNF regulates synaptic transmission through postsynaptic actions involving TrkB (1) and its signaling-related molecules such as PKA (8), PKC (30), MAPK (48) , and CREB (16) . In addition, NMDA-R enhances receptor binding and synaptic transmission via the release of glutamate, which is modulated by hippocampal BDNF (44) . This evidence indicates that exercise may mediate synaptic plasticity by using BDNF signaling. The importance of BDNF signaling has also been demonstrated since inhibition of its pathway impairs hippocampal LTP and associative learning (18) and an intrahippocampal injection of TrkB antibody abolishes the beneficial effects of exercise on hippocampal-dependent spatial learning and memory (47, 48) . These results, supporting previous studies, suggest that RWR has robust effects with enhanced spatial memory and increased hippocampal BDNF signaling.
In addition, we found that RWR increased both hippocampal BDNF, TrkB, and p-CREB protein levels (Fig. 4, A-C) . WR increased BDNF protein levels and had a strong trend toward increased p-CREB protein levels, although there were no significant differences among groups (P ϭ 0.09; Fig. 4C ). Previous studies have also shown that the effect of exercise on cognitive function is associated with increased levels of BDNF, and this in turn is associated with increased levels of CREB (29, 47) , a transcriptional regulator that has been linked to long-term potentiation (LTP) and spatial learning and memory (10, 15) . Our findings that showed moderate correlation between spatial memory and BDNF (r ϭ 0.41, P Ͻ 0.05) and p-CREB (r ϭ 0.44, P Ͻ 0.05) protein levels also support this notion (Fig. 5, C and D) . Furthermore, there was a positive correlation between spatial memory and work levels (r ϭ 0.77, P Ͻ 0.01). In contrast, there was no significant correlation between spatial memory and running distance (r ϭ 0.01, P ϭ 0.94) (Fig. 5, A and B) . These results are consistent with previous studies (29, 47) , suggesting that BDNF and p-CREB have crucial functional roles in the exercise-enhanced hippocampal spatial memory and present a new concept that work levels, rather than running distance, are more determinant for inducing exercise-enhanced cognitive function with hippocampal plastic changes in voluntary running with and without load.
The present results show that the potential roles of RWR in cognitive function may be associated with the action of BDNF signaling by integrating mechanisms of synaptic plasticity. However, several other molecules may also be important. For example, circulating insulin-like growth factor-1 (IGF-1) levels increased following resistance exercise (6) and caused increased BDNF mRNA levels in the hippocampus (5) . Other neurochemical factors such as corticosteroids (40) , androgen (34), or estrogen (2) also affect hippocampal plasticity and may mediate changes in neurotrophins after exercise. RWR and its involvement in the mechanisms of hippocampal plasticity are worthy to be explored in future studies.
In conclusion, this study demonstrates for the first time that voluntary resistance exercise represents a successful model to enhance spatial learning and memory associated with increased hippocampal BDNF signaling, even with short running distances. Resistance exercise produces short distances but high work levels, which may suggest that "less is more" for effective running distances leading to hippocampal plasticity since excessive running distances would be adverse to the improvement of spatial learning (37). Thus we must consider an alternative concept that a proper combination of load and distance is more beneficial for promoting cognitive functions in wheel running, although the optimum combination remains to be determined. In addition, this study provides a new hypothesis that work levels, rather than running distances, are more determinant in inducing exerciseenhancing cognitive function with hippocampal plastic changes in voluntary running with and without a load. Future study to uncover the specific mechanisms may shed more light on the mechanisms behind strength exercise conditions and improved hippocampal cognitive functions.
